Objective: To assess serum adiponectin levels of neonates in relation to ponderal index and birth length with and without adjustment for potential confounding factors including maternal factors and perinatal characteristics. Design: A cross-sectional study. Methods: Three hundred and three newborns (Caucasian, singleton, full term, with a birth weight of $ 2500 g, and apparently healthy) were included in the study. Blood samples were collected from the newborns no later than the fifth day of life for measurements of adiponectin and major IGF system components (IGF-I, IGF-II, IGF binding protein-3 (IGFBP-3)). The data were analyzed using simple and multiple regression analyses. Results: Adiponectin is substantially higher in neonates than in adults, with no evidence of the gender dimorphism observed among adults. We found an inverse association between neonatal adiponectin levels and newborn ponderal index and a positive association with newborn length by univariate analysis. We also found a statistically significant inverse association of adiponectin with jaundice/bilirubin, and a marginally significant positive association of this hormone with IGFBP-3 but no significant association with any maternal factors. In multivariate analysis, the inverse association between serum adiponectin and ponderal index does not remain significant after adjustment for potential confounding factors. In contrast, neonatal adiponectin levels correlate inversely significantly and independently with liver maturity and IGF-II and tend to remain positively associated with IGFBP-3 and increased birth length. Conclusions: An inverse association of adiponectin with ponderal index by univariate analysis is not independent from confounding factors. In contrast, the positive association between serum adiponectin and birth length may reflect either a direct effect of adiponectin or an adiponectin-mediated increase in the sensitivity of tissues to insulin and components of the IGF system, and needs to be explored further.
Introduction
Energy homeostasis during fetal development and the perinatal period is of considerable interest because of its implications for fetal growth and development. Perinatal development is influenced by multiple factors, including fetal, maternal and environmental conditions, which may interact with genotype to affect a range of physiological and pathological manifestations later in life such as the metabolic syndrome, cardiovascular disease and cancer (1 -4) .
In adults, adiponectin, a 30 kDa protein composed of 244 amino acids (3, 5) , is exclusively secreted from adipose tissue and has been found to decrease with obesity (6), type 2 diabetes and insulin resistance (7) , and to increase with weight reduction or administration of thiazolidinediones (8) . Furthermore, recent observations indicate that adiponectin is inversely associated with markers of inflammation and endothelial dysfunction (9, 10) and is a significant inverse predictor of cardiovascular disease and cancer (11 -14) . Thus, regulation of this adipokine in the perinatal period, when many metabolic, immune and hormonal pathways are being developed, is of great interest.
The purpose of this study was to assess serum adiponectin levels in relation to birth length and ponderal index in neonates. Although recently published studies have explored these associations mainly using cord blood, no previous study has evaluated serum adiponectin levels after multivariate adjustment for multiple potential confounders. We thus performed a cross-sectional study of 303 neonates to study these associations before and after adjustment for bilirubin levels and major components of the insulin-like growth factor (IGF) system as well as maternal factors, such as age and body mass index (BMI), and perinatal characteristics, including gender and gestational age. Specifically, we studied whether (i) neonatal adiponectin levels are associated with newborn length and ponderal index and (ii) whether these associations are independent of potential confounding by gender, gestational age and neonatal maturity or stress, maternal age and BMI, or potential underlying associations with other hormones including components of the IGF system.
Materials and methods

Recruitment and clinical protocol
During 1999, approximately 10 000 newborns were delivered in the two departments of Obstetrics and Gynecology at the University of Athens teaching hospitals. These hospitals mostly admit lower income women from Greece, as well as migrant women from Albania, Poland, Bulgaria and other eastern European countries.
To be eligible for the study, neonates had to be Caucasian, singleton, full term (gestation period $ 37 weeks, assessed by history and using the Ballard Maturational Assessment of Gestational Age (15) and ultrasound procedures) with a birth weight of $ 2500 g, and had to be apparently healthy, i.e. without evidence of disease requiring intensive care or blood transfusions. Newborns were categorized into those who were jaundiced (bilirubin . 12 mg/dl) and those who were non-jaundiced (bilirubin , 8 mg/dl), considering blood bilirubin levels as an indicator of biological maturity (16, 17) . To avoid misclassification, newborns with intermediate bilirubin levels were not included (2, 17, 18) . Women who developed gestational diabetes mellitus or had any chronic disease, such as malignancy, connective tissue disorder, diabetes mellitus, anemia, major neuro-psychiatric disorder, chronic renal failure, peptic ulcer disease, ulcerative colitis, asthma requiring treatment, or chronic infectious diseases including hepatitis B and C, were excluded. Finally, in order to obtain a proper informed consent, the mother had to be able to communicate adequately in Greek or English. The University of Athens Medical School Ethics Committee approved the study protocol.
Collection of samples and assays
All eligible newborns were delivered while two of the authors (E Pap and H S) were the attendees on call; the mothers consented to participation in the study. A total of 68 newborns or their mothers did not satisfy the inclusion criteria and were excluded from the analysis. An additional 243 newborns with bilirubin levels between 8 and 12 mg/dl were excluded to avoid misclassification. Completed maternal questionnaires, as well as infant blood samples were obtained from a total of 323 newborns. Of these, another 20 newborns were excluded due to inadequate serum quantity, allowing 303 newborns to be included in the present analysis. All samples were collected no later than the fifth day of life (median day ¼ 4) in conjunction with a routine morning blood draw for bilirubin measurements and/or the nationally mandated screening for hypothyroidism, phenylketonouria and glucose-6-phosphate dehydrogenase deficiency.
Blood samples were obtained and sent for measurements of adiponectin under code at the Beth Israel Deaconess Medical Center in Boston, MA, USA. Adiponectin analysis was performed by radioimmunoassay (RIA) with a sensitivity of 2 ng/ml and an intra-assay coefficient of variation of , 10% as previously described (11 -14) . Major IGF system components (IGF-I, IGF-II, IGF binding protein-3 (IGFBP-3)) were also measured as previously reported (17, 18) .
Statistical analysis
The data were analyzed using simple and multiple regression analyses. The SAS statistical program was used throughout (18) . Values of adiponectin were approximately normally distributed, both in overall and in conditional analyses, so that no transformation was necessary to improve normality. Partial regression coefficients shown in the tables demonstrate percentage difference of serum adiponectin levels per specified differences in the predictor variable(s). A two-tailed Pvalue of 0.05 was considered statistically significant with a 95% confidence interval.
Results
Maternal and perinatal characteristics of the studied 303 newborns are shown in Table 1 . As expected, the jaundiced neonates tended to be boys (P ¼ 0.001, data not shown) with a lower gestational age and a shorter birth length. The mean value of adiponectin was 32.2 mg/ml with a standard deviation of 10.3 mg/ml, whereas the first, second and third quartiles were 25.3, 32.2 and 38.5 mg/ml respectively. No significant differences in adiponectin levels with regard to the day of blood draw were noticed.
In Table 2 , serum adiponectin levels are compared between categories of maternal and perinatal characteristics, as well as levels of major components of the IGF system. There was no statistically significant evidence that maternal age, pre-pregnancy maternal BMI, newborn gender or gestational age are associated with adiponectin levels. Moreover, there was no evidence for the existence of any non-linear associations. In contrast, longer newborns and non-jaundiced ones tended to have higher levels of adiponectin. Importantly, neonates with lower ponderal index had higher adiponectin levels (P ¼ 0.01) by univariate analysis. IGF-I, IGFBP-3 and IGF-II were all strongly and significantly interrelated but adiponectin tended to be positively associated only with IGFBP-3 (P ¼ 0.06). However, potential mutual confounding among maternal and perinatal characteristics may hinder inferences and this is particularly relevant for the strongly interrelated components of the IGF system.
Although adiponectin levels were lower in neonates above the median ponderal index, the latter was only weakly, inversely and marginally significantly (P ¼ 0.05) associated with adiponectin levels by univariate analysis (data not shown). Even though this association remained significant after adjustment for gestational age (P ¼ 0.03), it became non-significant after adjustment for maternal age and/or other potential confounders evaluated herein. Table 2 Mean, standard error (S.E.) and Pearson correlation coefficients of serum adiponectin levels (mg/ml) by specified maternal and perinatal characteristics as well as levels of selected compounds of the IGF system among 303 newborns.
Variable Mean
S.E. In Table 3 , the associations of adiponectin with maternal and perinatal characteristics as well as with major components of the IGF system are all mutually adjusted through multiple regression. Again, there was no evidence that maternal age, pre-pregnancy maternal BMI, newborn gender or gestational age, are associated with newborn serum adiponectin levels. Non-jaundiced newborns had significantly higher adiponectin levels and there was only a trend for a positive association between newborn length and adiponectin (P ¼ 0.08). The strong and inverse association between adiponectin and IGF-II remains highly significant whereas the apparent positive association of adiponectin with IGFBP-3 failed to reach statistical significance (P ¼ 0.06).
P-value
Discussion
Adiponectin, a recently discovered adipocyte-secreted hormone, is inversely associated with obesity, insulin resistance and type 2 diabetes, inflammatory markers, endothelial dysfunction (3, 10) , and the development of cardiovascular disease and cancer in adults (11) (12) (13) (14) . Modifiable predictors of adiponectin levels in neonates remain poorly studied.
Our data confirm recent findings that adiponectin levels in neonates are two to three times higher than levels in adults (20) . Neonates have significantly less fat mass compared with children or adults (,50%), which is mainly subcutaneous fat and their adipocytes are either small, not containing fat, or are larger containing fat but are smaller in diameter than adult adipocytes (21) (22) (23) . Moreover, adiponectin has also been found to be expressed in brown adipose tissue, which is atrophic in adults (24) . The high adiponectin levels in neonates could also be due to the lack of an inhibitory effect of increased caloric intake and high fat diets on adiponectin production (25) . All the above, and potentially other factors, may increase adiponectin levels which, in turn, may be responsible for the increased insulin sensitivity in neonates (26) .
Similar to previous studies in neonates, we found no association between neonatal adiponectin levels and maternal factors such as maternal age and pre-pregnancy maternal BMI, suggesting that neonatal adiponectin levels are largely independent of maternal influences. Although adiponectin levels are higher in adult women than in men (27), we and others have found that this gender difference is not present at birth (20, 25, 29 -31) . It remains unclear why the gender difference is absent at birth and perhaps the gender dimorphism of adiponectin levels develops later in life in response to sex steroids in the peripubertal period (12, 32, 33) . The role of gender with respect to adiponectin levels may prove to be of clinical importance, since it could also be directly related to gender differences in inflammatory responses and metabolic diseases later in life (28) .
In contrast to adults, adiponectin levels in newborns did not correlate with body weight or ponderal index after potential confounding factors were adjusted for (6, 20) . Previous studies have revealed conflicting results: some (25, 28, 29, 31) found a positive association between ponderal index and adiopnectin, whereas others (20, 30) showed no such relation. Hormonal factors, stress or gestational age may be responsible for the reported conflicting data (20, 25, 27 -31) but no previous study has performed multivariate adjustment to control for the potential effect of these potential confounders. Although gestational age had no significant effect, we found that adjustment for potential confounding factors, such as maternal age, renders the association between adiponectin and ponderal index to be non-significant. Thus it explains previously reported conflicting results indicating that these are probably due to uncontrolled confounding factors.
In this study, adiponectin was inversely associated with bilirubin/jaundice, a marker of stress and/or biological immaturity, which is consistent with previously published data that glucocorticoids inhibit adiponectin release in vitro (34) , and that elevated cortisol levels in the stress state may lower adiponectin (35) .
We have also assessed adiponectin in relation to neonatal length at birth. The primary established endocrine regulators of fetal growth include insulin and the IGF system (36) . The IGF system plays a significant role in embryogenesis and fetal growth (37) . Knockout animal models of IGF-I, IGF-II, insulin receptor and IGF-I receptor (38, 39) have significantly decreased birth weight and increased neonatal lethality. In contrast to IGF-II which is important in early gestation, IGF-I, which promotes somatic growth in late gestation, correlates well with birth weight (40 -42) . It would be important to document whether adiponectin, which has a known role not only in improving insulin and IGF sensitivity (43, 44) , but also in promoting cell proliferation and inhibiting apoptosis (45, 46) , could interact with or influence the production or tissue effects of these regulators of fetal growth. The significant association between adiponectin and newborn length by univariate analysis weakened and became of borderline significance after adjusting for the components of the IGF system, indicating that the association between adiponectin and length is probably mediated by alterations of the IGF system. This could potentially be explained by adiponectin acting as an insulin sensitizer (43, 44) and thus contributing to fetal growth (25) . These novel findings need to be explored further by future in vitro and in vivo studies.
The strengths of this study include its relatively large size, which has provided the power needed to allow statistical documentation of important associations, the blinded measurements of hormone levels that minimizes misclassification, and the fact that this is the first study to perform multivariable adjustment for potential confounders such as gestational age, maternal factors and stress (28) . While all previous studies have utilized cord blood, this research studied the above association using serum adiponectin levels of neonates. However, similar to all other previous studies, we did not measure fat mass directly, and did not assess centrality of fat distribution. Thus, it remains unknown whether a relationship of adiponectin with visceral fat exists at birth (20) .
In summary, we confirmed previous findings of adiponectin being 2-3 times higher in neonates than in adults and we found no gender difference at this age. There was no significant association between neonatal adiponectin levels and maternal factors, while the inverse association with newborn ponderal index in univariate analysis did not persist after adjusting for potential confounding factors. We found statistically significant inverse associations of adiponectin with jaundice/bilirubin and IGF-II, and a marginally significant positive association of this hormone with birth length. The positive association between serum adiponectin and birth length may reflect either a direct effect of adiponectin or an adiponectin-mediated increase in the sensitivity of tissues to insulin and components of the IGF system, and needs to be studied further.
